Expression of water soluble proteins of fresh pork Longissimus thoracis from 4 pure breed pigs (Duroc, Large White, Landrace, and Piétrain) was studied to identify candidate protein markers for meat quality. Surface-enhanced laser desorption/ ionisation time-of-flight mass spectrometry (SELDI-TOF-MS) was used to obtain the soluble protein profiles of Longissimus thoracis muscles. The pure breeds showed differences among the studied meat quality traits (pH u , drip loss, androstenone, marbling, intramuscular fat, texture, and moisture), but no significant differences were detected in sensory analysis. Associations between protein peaks obtained with SELDI-TOF-MS and meat quality traits, mainly water holding capacity, texture and skatole were observed. Of these peaks, a total of 10 peaks from CM10 array and 6 peaks from Q10 array were candidate soluble protein markers for pork loin quality. The developed models explained a limited proportion of the variability, however they point out interesting relationships between protein expression and meat quality.
Introduction
From a consumer point of view, meat quality is defined as the eating quality or palatability of meat. This concept covers quality attributes such as texture, mainly tenderness, meat colour, water holding capacity (WHC), and flavour. Variation in meat quality is a detrimental factor for meat acceptability and causes appreciable economic losses for meat producers. Thus, it is essential for the meat industry to have methods to facilitate the assurance, control, and optimization of product quality. Recent high throughput proteomic approaches can assist research towards this goal.
Surface-enhanced laser desorption/ ionisation time-of-flight mass spectrometry (SELDI-TOF-MS) combines chromatographic techniques and mass spectral measurement. The SELDI chip contains chromatographic coatings of selected types (i.e. hydrophobic, ionexchange, metal-binding, etc.), on which sample components with complementary physicochemical properties are bound (O'Gorman et al., 2006) . Unbound compounds are washed off, thus contaminants are removed and sample complexity is markedly reduced. After application of a proper energy-absorbing matrix, proteins bound to the stationary phase are analysed by MS profiling (Bodzon-Kulakowska et al., 2007) . A proteomic approach using SELDI-TOF-MS can identify the expression of complex protein patterns or single protein markers in muscle tissue based on the mass-to-chargeratio of the proteins and on their binding affinity to the protein arrays. Because it is not necessary to know the identity of the proteins for the purpose of differential classification, this technology provides an alternative platform for the differential display of multiple potential markers (Mach, Keuning, Kruijt, Hortos, Arnau & te Pas, 2010) .
In a previous work, Mach et al. (2010) 
detected potential protein markers from
Longissimus thoracis muscle that could be used to classify raw hams by breed type (Duroc, Large White, Landrace, and Piétrain). The animals from Mach et al. (2010) were used in the present study to assess the differences between breeds on the carcass and quality parameters of pork. Besides, this work also aimed to investigate of the relationships between protein fingerprinting in Longissimus thoracis muscle and the final quality of cooked pork loin.
Materials and methods

Animals
One hundred and twenty entire male pigs from four pure breeds were studied. Duroc (DU, n = 21), Landrace (LR, n = 43), Large White (LW, n = 43) and Piétrain (PI, n = 13) pigs were fattened under identical conditions in the Pig Testing Station (IRTA-CAP) in Monells (Girona, Spain). The four pig genetic types (DU, LR, LW, PI) were reared under the same conditions of housing, environment and feeding, and the ante mortem handling was performed under low stress conditions. Therefore, the experiment allowed the comparison between lines with minimum interference from external influences. Average daily gain and average daily feed intake were recorded. Feed conversion ratio was calculated dividing the amount of feed consumed by the corresponding body weight gain.
The animals were weighed one day before slaughter. The average age (days) was 174 ± 6 for DU, 176 ± 6 for LR, 172 ± 6 for LW, and 177 ± 9 for PI. The pigs were fasted onfarm during 9 h and transported for 1.5 h to a commercial slaughterhouse in Vic (Spain). Animals from different pens were not mixed. The animals were slaughtered in two different days. Each slaughtering batch contained a group of pigs representing all the studied breeds. Slaughtering was performed using CO 2 stunning at 90% of concentration for 2 min.
Carcass measurements
Back fat and loin muscle thickness were measured for each carcass within 1 h post mortem at 60 mm from the mid-line between the 3 rd and 4 th last rib (f34fom and m34fom, respectively) using the Fat-O-Meat'er probe (Carometec, AS, Herlev, DK).
These parameters were used to estimate the lean meat content of the carcass as Carcasses were chilled at 3 ± 1ºC. At 24 h post mortem carcasses were weighed, and loin length (from the first lumbar vertebrae to the atlas bone) and carcass length (from the anterior edge of the pubic symphysis to the recess of the first rib) were measured.
Meat quality measurements
Meat quality was assessed on the left side of each carcass. Fifteen mm-thick samples of
Longissimus thoracis were taken between the 2 nd and 3 rd last ribs for meat quality measurements and stored at 4 ± 2 ºC until analysis.
Drip loss was determined at 24 h post mortem, following the reference method supported by OECD (Honikel, 1998) Analyses of the force-time curve lead to the extraction of several textural parameters:
hardness (kg), cohesiveness (dimensionless), springiness (dimensionless), and chewiness (kg) (Bourne, 1978) . WBSF test was performed using a WB shear blade with a triangular slot cutting edge and four parameters were measured: initial yield force, maximum shear force, shear firmness, and total work (Brady & Hunecke, 1985; Møller, 1980) . Five specimens of 20 mm × 10 mm × 10 mm were obtained for each sample.
Each sample was sheared perpendicular to muscle fibres.
Determination of androstenone was performed as described by Rius, García-Regueiro & Hortós (2005) and Ampuero Kragten et al. (2011) . Subcutaneous neck fat samples (1.00 ± 0.01 g) were homogenised and extracted in 50 mL hexane: dichloromethane (50:50)
containing 5α-androstan-3-one (2µg/g) as internal standard. Extracts were purified in a solid phase extraction (SPE) Diol column and the collected fraction was further purified in a C18 SPE column. The residues were injected in a gas chromatographer coupled to a mass spectrometry detector (Varian 3800 -Saturn 2200 Varian, Inc. Corporate
Headquarters, Palo Alto, CA, USA). A capillary column BPX5 (SGE, Australia), 30m × 0.25mm (0.25µm film thickness) was used. Mass spectrometry data was acquired in SIM mode with m/z: 257 and 272 (target) and 202, 274. Androstenone concentration was quantified after spiking a control adipose tissue sample that had no detectable amount of androstenone. All samples were evaluated in duplicate.
Skatole (3-methylindole) content was determined using the method described by García-Regueiro and Rius (1998) . One gram samples were weighed (precision ± 0.01g), and 500 ng of 7-ethylindole were added as an internal standard. Skatole was extracted in a 10 mL solution of hexane: 2-propanol (92:8) . The extracts were injected into an HPLC system (Agilent, Santa Clara CA, USA) for determination and the separation was performed on a Hypersil column aminopropylsilica-2 (5μm, 250 x 4.6 mm) under a flow of 1.5 ml/min using a solution of hexane: 2-propanol (92:8) as a mobile phase.
Detection was performed by fluorescence (280 nm excitation and 360 nm emission wavelengths). Skatole and indole concentrations were quantified after spiking a control adipose tissue sample. All samples were evaluated in duplicate.
Quantitative Descriptive Analysis (QDA)
Sensory characterization of the samples was performed through a Qualitative
Descriptive Analysis (QDA) using 6 selected trained assessors (ASTM, 1981; ISO, 1993 ISO, , 1994 . The generation and selection of the descriptors were carried out by open discussion during three sessions of 1h each. The descriptors retained for raw and cooked meat are described in Table 1 . A non-structured scoring scale (Amerine, Pangborn & Roessler, 1965) was used, where 0 and 10 meant absence and high intensity of the descriptor, respectively.
Sensory evaluation was undertaken in 25 sessions. Five samples per session were analysed in 20 sessions and 4 samples in the other 5 sessions. All sessions were performed in a six-booth sensory panel room at a 20 ± 2ºC equipped with red fluorescent lighting to mask the red colour of the cooked meat. Appearance attributes of raw meat were evaluated under white lighting (700 ± 150 lx). During each session at least three samples from different breeds and a maximum of two samples per breed were analysed. Samples were coded with three random numbers and were presented to the assessors balancing the first-order and the carry-over effects as much as possible, according to MacFie, Bratchell, Greenhoff, and Vallis (1989) . The average score of the seven assessors for each sample was calculated using the assessor as a block effect in the statistical analysis.
Preparation of Protein Extracts for SELDI-TOF Analyses
After 24 h of carcass chilling, a sample of Longissimus thoracis muscle was removed from each animal, frozen in liquid nitrogen, and stored at −80°C until used.
Muscle samples were weighed (30 to 50 mg), placed in 1.5 mL of lysis buffer [10 mM
Tris-HCl, pH 7.25, 10 mM KCl, 2% (vol/vol) Triton X-100, 1 mM PMSF], and homogenized (Ultraturrax T25, IKA Labortechnik, Staufen, Germany) in ice. Sample homogenates were centrifuged for 20 min at 12,000 × g and 4°C. Total protein content of the supernatant was analysed with a commercial BSA protein assay kit (Bio-Rad, Veenendaal, the Netherlands).
SELDI-TOF-MS Analyses
The strong anion exchanger (Q10), weak cation exchanger (CM10), and immobilized metal affinity capture (IMAC30) (Bio-Rad Laboratories Inc., Hercules, CA) protein arrays were selected because they produce good quality proteome patterns with an optimal number of peaks (te Pas, Jansen, Broekman, Reimert & Heuven, 2009). Array preparation and sample loading were performed as described by Mach et al. (2010) .
The different protein arrays were placed in the SELDI protein arrays Biology System
Reader 4,000 (Bio-Rad Laboratories Inc.). The laser intensity was 3,000 nJ. The SELDI protein array spectra were further normalised and analysed as explained by Mach et al. (2010) . All samples were analysed in duplicate.
Statistical Analyses
Data were analysed using the GLM procedure of SAS 9.2 (SAS Institute Inc., Cary, NC, USA). The model for carcass measurements, physicochemical data included breed as fixed effect and slaughtering batch as a block effect. The model for sensory analysis also included session as a block effect. Animal weight was included as a covariable in the model for carcass measurements. Differences among breeds were assessed using the Tukey test. The level of significance was set at p<0.05.
Pearson correlation analysis was used to investigate the relationship among meat quality variables and protein peaks. Correlation coefficients were calculated with the CORR procedure of SAS 9.2 for each protein peak within the protein chip arrays type. A multiple testing correction consisting of a modification of the effective number (Cheverud, 2001 ) was performed as suggested by Li & Ji (2005) .
Regression models of the quality properties of cooked loins on peak intensities and meat quality parameters (carcass measurements and quality measurements of raw meat) were fitted for each protein array (CM10, Q10, & IMAC30) with the REG procedure of SAS 9.2, using the stepwise regression method. Significant levels were set at p=0.15 to enter variables in the model and at p= 0.05 to be kept in the model.
Results and discussion
Influence of breed on growth performance, carcass characteristics and meat quality
Growth, carcass, and meat quality measurements presenting significant differences between breeds are shown in Table 2 . Pigs from Piétrain (PI) breed showed lower average daily feed intake and feed conversion ratio than the other breeds. Therefore, PI pigs were smaller at the moment of slaughter and yielded smaller carcasses than other breeds, except for Landrace.
However, the killing-out percentage in PI was significantly higher compared to LW and LR, but not DU. Fat depth measurements (f34fom) were lower for PI carcasses compared to other breeds, as a result PI showed the highest estimated lean percentage.
PI pigs are heavily muscled animals with carcasses showing less fat depth and higher muscular area and lean content than other breeds, a factor of interest for the meat industry (Guerrero, Gou, Alonso & Arnau, 1996; Plastow et al., 2005) .
PI presented the highest drip loss, while DU showed the lowest values. In general, DUsired pigs show higher water holding capacity (WHC) than PI-sired lines (Latorre, Lazaro, Gracia, Nieto & Mateos, 2003; Oliver et al., 1994) . The higher drip loss in PI meat is a consequence of the fast pH drop observed in this breed immediately after slaughter, resulting in greater protein denaturation and elevated water loss (Bowker, Grant, Forrest & Gerrard, 2000; Offer, 1991) . These high levels of drip loss are usually related to meat quality problems, however, no significant differences on the technological and sensory characteristics of PI meat were observed in the present study compared with other breeds.
As expected, DU loins showed the highest intramuscular fat (IMF) content. Similarly, Plastow et al. (2005) reported the highest values of IMF in Duroc lines compared with LR, LW and PI. Visual inspection of loins confirmed higher marbling in DU although not significantly different from LR, and the lowest scores were for PI loins. Duroc also showed significantly higher values of androstenone than the other studied breeds (Table   2 ). Genetic variation has been reported for fat androstenone concentration, both between breeds and within a breed (Allen, 2003; Varona et al., 2005; Xue et al., 1996) . DU pigs tend to have higher levels of androstenone than other breeds (Fredriksen et al., 2006;  Hortós, Rius, De Vries, Lacoste, Gispert & Diestre, 2000) .
Instrumental Texture Analysis (TPA), showed higher values of hardness and chewiness in LR loins compared to DU and PI. DU loins presented the lowest values for cohesiveness. Finally, no significant differences among breeds were detected by the trained assessors for any of the evaluated sensory traits (p>0.05). Tables 3-5 show correlations between meat quality parameters and protein peak profiles. Proteins correlated with quality traits were in a range of 3,000 to 17,000 m/z ratio. Correlation analysis reflected that proteome profiles obtained with CM10 protein array presented more protein peaks associated with quality properties of cooked loins than the other arrays tested (Table 3 ). The same fact was previously observed for drycured hams (Marcos et al., in press ). These results suggest that the subset of proteins bound to CM10 protein arrays at the studied conditions, would have stronger influence on the quality parameters of the studied meat products that the proteins bound on the other protein arrays. The CM10 protein arrays are cation exchange arrays, suggesting that positively charged proteins are important for meat quality traits. Among the protein peaks detected with CM10 array, 15 peaks were correlated with drip loss and cooking loss, androstenone, instrumental and sensory texture, visual colour, and skatole flavour (Table 3) For Q10 array, we observed ten protein peaks correlated with colour, drip and cooking loss, and initial yield force and sensory hardness (Table 4) . Peak 12,119 m/z showed a negative correlation with drip loss and cooking loss (r=-0.340 and -0.355, respectively).
Relationship between proteome profiles and meat quality traits
Finally, four protein peaks obtained with IMAC30 array were correlated with a* values, initial yield force, cooking loss, marbling and sweetness (Table 5) . To further confirm the implication of these protein peaks in the final quality of cooked loins, regression models for sensory and technological quality properties were obtained including peak intensities and other carcass and meat quality parameters as independent variables (Table 6) . For CM10 array, we obtained regression models for drip and cooking loss, instrumental and sensory texture (cohesiveness, total work and sensory hardness), and chemical and sensory skatole data. It should be highlighted that peak 12,434 m/z was retained in the models for both drip and cooking loss. Similarly, the models for both total work measured with WBSF test and sensory hardness presented peak 4,338 in common. Another interesting result was the inclusion of the same peak, 9,398 m/z, in the models for skatole content and skatole flavour.
Models for drip and cooking loss, and total work were fitted with data obtained with were less involved in the determination of quality variation. Apart from the reported protein peaks, other meat and carcass quality parameters retained in the reported models were mainly estimated carcass lean, pH u , loin yield, IMF and backfat thickness.
Although these models explain a small proportion of the variability, they point out interesting relationships between the expressed proteins and meat quality traits. The development of meat quality traits is a complex biological process influenced by many factors such as breeds, treatments, or other unknown factors. The power of candidate markers to explain variation remains unclear, but it is certain that they contribute to building a better picture of this complex process (Hollung and Veiseth-Kent, 2012) .
Knowing the biological mechanism regulating an economically interesting trait opens up a possibility of monitoring and modulating the trait through breeding programmes (te Pas and Hoekman, 2011). Moreover, the detection of these markers at the moment of slaughter would help to predict the final quality of meat. The development of fast detection methods would provide a carcass classification system as a function of the predicted meat quality. However, validation and identification of these protein markers in other datasets considering other environmental and processing factors that contribute to the variability of meat quality would be needed.
Conclusions
Although some quality differences were found among the studied pure breeds (DU, LR, LW, PI), no significant differences were detected in the sensory analysis.
Candidate soluble protein markers for quality of loins were identified. The developed models explained a limited proportion of the variability, however they point out interesting relationships between between protein expression and meat quality.The detection of these biomarkers in the raw material would help to predict the final quality of meat and would provide us with a tool for raw material quality control. However, further validation of the involvement of these proteins in the quality of cooked pork loins is needed before considering them as protein markers. 
